Diabetic nephropathy is the most common cause of endstage renal disease in the U.S. Recent studies demonstrate that loss of podocytes is an early feature of diabetic nephropathy that predicts its progressive course. Cause and consequences of podocyte loss during early diabetic nephropathy remain poorly understood. Here, we demonstrate that podocyte apoptosis increased sharply with onset of hyperglycemia in Ins2
D
iabetic nephropathy is a serious and common complication of type 1 and type 2 diabetes leading to end-stage renal disease (ESRD) in up to 30% of individuals with diabetes (1) . The natural history of diabetic nephropathy has been delineated in particular in type 1 diabetes (2) (3) (4) . A latent period of several years after onset of diabetes is characterized by increased glomerular filtration rate without overt clinical signs and symptoms. The first manifestation of diabetic nephropathy in humans is increased urinary albumin excretion, which usually progresses to nephrotic-range proteinuria. The morphological substrates for these functional abnormalities of the glomerular filter apparatus include glomerular hypertrophy, thickening of glomerular basement membrane, and expansion of mesangial extracellular matrix. Advanced diabetic nephropathy is characterized by glomerulosclerosis, demise of glomerular capillaries, tubulointerstitial degeneration, and fibrosis associated with precipitous decline of glomerular filtration rate (5) . To date, several interventions have been shown to slow the progression of diabetic nephropathy, including tight glucose and blood pressure control and blockade of the renin-angiotensin system (6 -10) . However, none of the currently available modalities can cure or prevent diabetic nephropathy.
Several factors have been shown to influence the progression of diabetic nephropathy after onset of albuminuria; transforming growth factor (TGF)-␤, angiotensin II, and advanced glycated proteins have been extensively characterized (11) (12) (13) . These factors are thought to converge and to promote glomerular and tubular fibrogenesis. In contrast, very little is known about the cellular and molecular pathomechanisms that initiate diabetic nephropathy and that precede the onset of clinical albuminuria. Detailed morphometric analyses of protocol renal biopsies were obtained after the onset of diabetes but before manifestations of diabetic nephropathy in individuals with type 1 and type 2 diabetes (2, 5, 14, 15) . These seminal studies demonstrate that the density of glomerular visceral epithelial cells is reduced in kidneys of individuals with diabetic nephropathy and also in patients with short duration of diabetes without evidence of diabetic nephropathy (11, 15) . Among various glomerular morphological characteristics, the decreased number of podocytes per glomerulus was the strongest predictor of progression of diabetic nephropathy, where fewer cells predicted more rapid progression (14, 15) . Although these observations identify podocyte depletion as one of the earliest cellular features of human diabetic nephropathy, the course, consequences, molecular pathways, and pathomechanism(s) that underlie the loss of podocytes in diabetic nephropathy remain poorly understood.
Recent studies in streptozotocin-induced diabetic rats suggest that podocytes may detach from glomerular basement membrane leading to loss of podocytes into the urinary space (16) . These investigators were able to culture cells expressing typical podocyte protein markers from urine, indicating that some podocytes may remain viable after detachment (17, 18) . Apoptosis of resident glomerular podocytes has recently been proposed as a cellular mechanism that may underlie podocyte loss in nondiabetic glomerulopathies characterized by progression to glomerulosclerosis (19) . For example, progressive glomerulosclerosis in TGF-␤1 transgenic mice (20) and CD2AP Ϫ/Ϫ mice (21) is associated with early increases of podocyte apoptosis and subsequent progressive podocyte depletion. Interestingly, podocyte apoptosis precedes endocapillary and tubular epithelial apoptosis in these models. Apoptosis of glomerular cells, in particular of podocytes, has not yet been documented in human or experimental diabetic nephropathy. Moreover, it is not known whether podocyte apoptosis and depletion initiate and/or contribute to albuminuria and mesangial expansion-hallmarks of human and experimental diabetic nephropathy.
Here, we demonstrate for the first time that high extracellular glucose induces reactive oxygen species (ROS) production, activation of proapoptotic p38 mitogen-activated protein kinase (MAPK), and apoptosis of cultured podocytes. In murine type 1 and type 2 diabetic models, podocyte apoptosis precedes podocyte depletion, urinary albumin excretion (UAE), and mesangial matrix expansion, suggesting that podocyte apoptosis/depletion represents a novel early pathomechanism leading to diabetic nephropathy. NADPH oxidase is a key mediator of podocyte apoptosis and subsequent diabetic glomerulopathy in vivo, thus mechanistically linking hyperglycemia, ROS, podocyte apoptosis, podocyte depletion, and diabetic nephropathy.
RESEARCH DESIGN AND METHODS
Apocynin, 3-nitropropionate, 2-thenoyltrifluoroacetone (TTFA), myxothiazol, and diphenyl iodonium (DPI) were purchased from Sigma (St. Louis, MO).
As type 2 diabetic models, we used male db/db (Lepr db/db ) mice together with nondiabetic control db/m on C57BLKs/J background (The Jackson Laboratories, Bar Harbor, ME). Apocynin treatment was initiated at 5 weeks of age (db/db and db/m mice) at 2.4 g/l concentration dissolved in sterile water that was sweetened with NutraSweet. The average consumption was 30 mg/kg. The dose of apocynin was based on prior in vivo studies of prolonged dosing in which apocynin in the dosing of 4 -100 mg/kg prevented NADPH oxidase activation, vascular superoxide production and remodeling, hypertension, inflammation and/or organ dysfunction, and diabetic neuropathy (22) (23) (24) . As a type 1 diabetic model, we used male and female Akita (C57B6J/ Ins2 Akita ) mice together with nondiabetic control C57B6/J mice. All mice were maintained on normal mouse chow (5001Rodent Chow; Purina, Quakertown, PA). All animal protocols and procedures were approved by the institutional animal care and use committee at the Albert Einstein College of Medicine and at the Mount Sinai School of Medicine.
For determination of urinary albumin excretion, mice were placed in individual metabolic cages (Nalgene, Rochester, NY), and urine was collected for 24 h. Urinary albumin was measured using an ELISA specific for mouse albumin (Albuwell; Exocell, Philadelphia, PA), and urine creatinine was determined using Creatinine Companion (Exocell). Blood glucose was measured using Glucometer Elite. Immunohistochemistry. For analysis of glomerular histology, formalinfixed, paraffin-embedded kidney tissue sections were stained with periodic acid Schiff (PAS) reagent. Mesangial matrix expansion was evaluated semiquantitatively on 35-50 glomeruli per kidney, using a score of 1 for minimal, 2 for mild mesangial matrix expansion, 3 for moderate, and 4 for diffuse, mesangial matrix expansion. Podocyte number was determined on 4-m frozen sections double stained with Wilms tumor antigen-1 (WT-1) (1:50; rabbit polyclonal) (Santa Cruz Biotechnology, Santa Cruz, CA) and synaptopodin (G1; mouse monoclonal). Cells stained positive for both synaptopodin and WT-1 were counted on all the glomeruli (35-50) on the transverse section of the left kidney (20, 21) . Scoring of apoptotic nuclei in situ. Apoptotic nuclei were detected by a transferase-mediated dUTP nick-end labeling (TUNEL) assay of kidney sections using peroxidase and counterstaining with hematoxylin and PAS stain, as described previously (20, 21) . The TUNEL assay was used according to the manufacturer's protocol (Chemicon, Temecula, CA). Positive cells were counted as podocytes when residing on the outer aspect of PAS-positive basement membrane. Cells residing in areas circumscribed by PAS-positive basement membrane were counted as endocapillary/mesangial cells. Cell culture. Cultivation of conditionally immortalized mouse podocytes was performed as reported previously (25) . Briefly, cells were grown on type 1 collagen (BD Bioscience, Bedford, MA) at 33°C in the presence of 20 units/ml interferon-␥ (Invitrogen, Carlsbad, CA) in RPMI 1640 (Mediatech, Herndon, VA) containing 10 mmol/l glucose, 10% FCS, and antibiotics. To induce differentiation, podocytes were maintained at 37°C without interferon for 10 days. Cells were growth arrested in RPMI 1640 containing 0.2% serum and 5 mmol/l D-glucose for 24 h before the experiment. Apoptosis detection. Apoptotic nuclei were detected using 4Ј-6-diamidino-2-phenylindole (DAPI) (Sigma) staining (1 g/ml; 10 min) in cultured cells fixed with 4% paraformaldehyde and analyzed via fluorescence microscopy to assess chromatin condensation and segregation. Caspase 3 activity was detected by using the ApoAlert Caspase3 Fluorescent Detection system (DB Bioscience), according to the manufacturer's protocol. Activity was normalized to total protein content.
Determination of ROS generation. ROS generation was measured with the fluoroprobe carboxymethyl-H 2 -dichlorofluorescein diacetate (Invitrogen).
Briefly, podocytes were incubated for 45 min at 37°C with 10 mol/l carboxymethyl-H 2 -dichlorofluorescein diacetate in PBS, then cells were washed and scraped, and emitted fluorescence was determined by Wallac Victor 2 Fluorescence Plate Reader (PerkinElmer, Wellesley, MA). Western blotting. Cells were lysed in radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitors as previously described (21) . Lysates (30 g/lane) were subjected to 10% SDS-PAGE before transfer to polyvinylidene difluoride membranes. The following primary antibodies were used for antigen detection: mouse monoclonal anti-total v-akt murine thymoma viral oncogene homolog (AKT)1 (Santa Cruz Biotechnology), rabbit polyclonal anti-S(P) 475 AKT, mouse anti-phospho-extracellular signal-regulated kinase (ERK)1/2, rabbit anti-total ERK1/2, and rabbit anti-phospho-p38 (all from Cell Signaling [Beverly, MA]). Statistical methods. Data are reported as means and SE for continuous variables. All cell culture experiments were performed at least three times and summarized. Standard software packages (SPSS and Excel for Windows) were used to provide descriptive statistical plots (unpaired t tests). The Bonferroni correction was used for multiple comparisons. An asterisk denotes P Ͻ 0.05.
RESULTS

Onset of diabetes initiates podocyte loss (depletion)
in murine models of type 1 (Akita) and type 2 (db/ db) diabetes. To determine whether diabetes induces podocyte depletion and to delineate a temporal relationship between onset of diabetes, albuminuria, and changes of podocyte numbers, we subjected two genetic models of experimental diabetes, including Akita (type 1 diabetes) (26, 27) and db/db (type 2 diabetic) mice (26 -28) to standardized phenotype analysis following protocols established by the Animal Models of Diabetic Complications Consortium (www.amdcc.org). Blood glucose levels were not different in C57BL/6J, db/m, Akita mice at 2 weeks of age and db/db mice at 4 weeks of age ( Fig. 1A and D) . Glucose levels were significantly elevated in 4-week-old Akita and 8-week-old db/db mice and remained persistently elevated at Ͼ500 mg/dl in all diabetic animals until termination of the study at 28 weeks of age ( Fig. 1A and  D) .
Average numbers of podocytes per glomerular cross section were determined by counting cells that labeled positive with two podocyte markers, including synaptopodin and WT-1 (21) . Before the onset of hyperglycemia, counts of double-positive podocytes were similar (12-13 cells/glomerular profile) in C57BL/6J and Akita mice at 2 weeks of age, as well as db/m and db/db mice at 4 weeks of age ( Fig. 1B and E) . With onset of diabetes, doublepositive cell counts tended to decrease in Akita compared with control C57BL/6J at 4 weeks of age (Fig. 1B) and in db/db compared with db/m control at 8 weeks of age (Fig.  1F) . The decrease was statistically significant by 12 weeks of age in db/db mice (26.6% decrease compared with db/m; P Ͻ 0.05) and by 20 weeks of age in Akita mice (37% decrease compared with C57BL/6J; P Ͻ 0.01). Interestingly, double-positive cell counts remained stable at reduced levels after the initial decline, despite persistent, severe hyperglycemia. Similar results were obtained if we normalized podocyte number per glomerular profile to the mean glomerular volume (Supplemental Tables 1 and 2 , which appear in the online appendix [available at http:// diabetes.diabetesjournals.org]). UAE rates were measured as the ratio of albumin to creatinine excretion (g/mg) in 24-h urine collections using metabolic cages. UAE rates tended to increase at 4 weeks and were significantly increased at 10 (not shown), 20, and 28 weeks of age in Akita mice compared with C57BL/6J (Fig. 1C) . Similarly, UAE were significantly increased at 8, 12, 20, and 28 weeks of age in db/db mice compared with db/m controls (Fig.  1E) .
Together, these results demonstrate that podocyte counts per glomerular section decrease significantly by ϳ27-37% after onset of diabetes in type 1 and type 2 diabetic murine models, respectively. On a temporal scale, podocyte loss tracks with the increase in UAE. A sharp increase of podocyte apoptosis coincides with onset of diabetes and precedes podocyte loss and UAE in Akita and db/db mice. Next, we quantitated rates of podocyte apoptosis using TUNEL immunoperoxidase staining in combination with PAS staining to demarcate glomerular basement membrane as previously described (21) . Counts of TUNEL-positive podocytes per glomerular profiles were significantly increased in 4-weekold Akita mice compared with age-matched control C57BL/6J mice (0.054 Ϯ 0.005 vs. 0.015 Ϯ 0.005, P Ͻ 0.05) ( Fig. 2A) . In the db/db model, TUNEL-positive podocytes per glomerular section were significantly increased at 8 weeks of age compared with nondiabetic db/m (0.055 Ϯ 0.017 vs. 0.011 Ϯ 0.007, P Ͻ 0.05) (Fig. 2B) . In both models, Akita and db/db, TUNEL-positive podocyte counts were not significantly different between diabetic mice and nondiabetic controls at later time points ( Fig. 2A and B) , indicating that a subpopulation of podocytes is susceptible initially, whereas the majority of podocytes adapt to hyperglycemia and become resistant to diabetes-induced apoptosis. Interestingly, counts of apoptotic endocapillary cells were not significantly different between control db/m and diabetic db/db mice (Fig. 2C) or control C57BL6/J and Akita mice (data not shown). Similarly, apoptosis rates of tubular epithelial and interstitial cells were not signifi- cantly different (data not shown) (29) . Taken together, these observations demonstrate that podocytes are selectively susceptible to diabetes-induced apoptosis and that the onset of diabetes was characterized by a sharp increase in apoptotic podocytes in type 1 and type 2 diabetic mice. On a temporal scale, this "wave" of diabetes-induced podocyte apoptosis was followed by significant podocyte depletion and UAE. As rates of podocyte apoptosis normalized, podocyte loss subsided and podocyte counts per glomerular section stabilized at a significantly lower level compared with nondiabetic controls in both models, suggesting that podocyte depletion depended on podocyte apoptosis in diabetic mice.
Increased extracellular glucose is sufficient to trigger apoptosis of podocytes in vitro through increased synthesis of ROS. We observed increased podocyte apoptosis in vivo within days of onset of diabetes in Akita and db/db mice, suggesting that metabolic factors may provide a proapoptotic stimulus. We subjected conditionally immortalized murine podocytes, maintained under permissive (33°C; interferon-␥) or nonpermissive, differentiated conditions (37°C; no interferon-␥ for 10 days), respectively, to increasing glucose concentrations in the culture medium, ranging from 5 (baseline) to 30 mmol/l. Increased extracellular glucose was sufficient to induce apoptosis in podocytes maintained under permissive or nonpermissive conditions in a dose-dependent manner (Fig. 3A and B) . In addition, high glucose was sufficient to increase significantly caspase 3 activity in differentiated podocytes within 3 h of treatment (Fig. 3C) , and the response was also dose dependent (Fig. 3D ). These results demonstrate that increased extracellular glucose concentration was sufficient to induce podocyte apoptosis in vitro, irrespective of the state of podocyte cell growth or podocyte differentiation. Previous studies demonstrated that intracellular ROS mediate apoptosis of mesangial cells, cardiac myocytes, and dorsal root ganglion cells induced by hyperglycemia (30 -32) . We found that ROS generation was significantly and rapidly increased in cultured podocytes in response to increased extracellular glucose (Fig. 4A) . To determine whether plasma membrane NAPDH oxidase, the mitochondrial pathway, or both were responsible for intracellular ROS generation, we exposed podocytes to high glucose in the presence of various chemical inhibitors of these ROS synthesis pathways. Myxothiazol inhibits the mitochondrial respiratory chain at cytochrome b-c1, and TTFA is an inhibitor of mitochondria electron transport chain complex II. Mitochondrial electron chain blocker myxothiazol and TTFA and the inhibitors of NADPH oxidase, apocynin, and DPI each completely abolished the increase of intracellular ROS induced by high glucose (Fig.  4B) . Consistent with previous report, we confirmed mRNA expression (by quantitative RT-PCR) of the key components of NADPH oxidase, Nox4, and p22phox in our cultured podocytes (data not shown) (33, 34) . Thus, our results demonstrate that high ambient glucose induces ROS synthesis in cultured murine podocytes through plasma membrane NADPH oxidase and mitochondrial ROS pathways.
Next, we wished to determine whether increased ROS generation was required for induction of apoptosis in podocytes by high ambient glucose. When podocytes were treated with 30 mmol/l glucose in the presence of the general ROS scavenger tempol, glucose-induced apoptosis was completely abolished (Fig. 4C) . Similarly, inhibition of mitochondrial ROS generation with electron transport chain inhibitors myxothiazol and TTFA and inhibition of NADPH oxidase with apocynin prevented podocyte apoptosis induced by 30 mmol/l glucose (Fig. 4C) . Taken together, these findings demonstrate that high ambient glucose is sufficient to induce podocyte apoptosis by increasing ROS synthesis through activation of both plasma membrane NADPH oxidase and mitochondrial ROS generation.
To begin to characterize intracellular signaling mechanisms associated with podocyte apoptosis induced by high ambient glucose, we stimulated podocytes with 30 mmol/l D-glucose for various time intervals and analyzed phosphorylation of proapoptotic and antiapoptotic mediators ( Fig. 5) . P38 MAPK mediates proapoptotic signaling and is required for TGF-␤-induced podocyte apoptosis (20) . High glucose stimulated a strong increase in phosphorylated p38 in podocytes after 1-2 h incubation (Fig. 5) . In contrast, glucose treatment had no significant effect on antiapoptotic phospho-AKT levels and caused a moderate but transient increase of phospho-ERK1/2 MAPK (Fig. 5) , whereas the total unphosphorylated ERK and AKT levels were not affected. These results suggest that activation of proapoptotic p38 MAPK pathway is associated with podocyte apoptosis induced by high ambient glucose. Systemic inhibition of NADPH oxidase prevents podocyte apoptosis, reduces loss of podocytes, and ameliorates UAE and mesangial matrix expansion in vivo in db/db mice. We demonstrated that apocynin, a specific inhibitor of the plasma membrane NADPH oxidase, prevented ROS generation and apoptosis induced by high ambient glucose in cultured podocytes in vitro (see Fig. 4 ). To determine the functional significance of NADPH oxidase and its dependent ROS load in podocyte apoptosis and podocyte depletion associated with type 2 diabetes in db/db mice, we treated db/m control and db/db animals with apocynin starting at 5 weeks of age, before onset of diabetes. No significant toxicity was observed in the animals treated with apocynin. As expected, podocyte apoptosis, assessed by TUNEL staining, was significantly increased at 8 weeks of age in db/db animals treated with vehicle control compared with nondiabetic db/m mice (Fig. 6A) . In contrast, treatment with apocynin in drinking water significantly reduced podocyte apoptosis in db/db mice to levels that were comparable with nondiabetic db/m control mice (Fig. 6A) . Thus, NADPH oxidasedependent ROS generation constitutes a major mediator of podocyte apoptosis in diabetic mice. Next, we quantitated podocyte counts per glomerular section by synaptopodin/ WT-1 double labeling in 20-week-old db/db mice. As expected, podocyte counts were significantly decreased (27.65% reduction) in vehicle-treated db/db mice compared with db/m control (8.05 Ϯ 0.72 vs. 11.2 Ϯ 1.5; P Ͻ 0.05) (Fig. 6B) . In contrast, in db/db mice treated with apocynin, we detected 9.9 Ϯ 0.4 podocytes per glomerular section (11.25%) reduction (Fig. 6B ). This result was significantly different from vehicle-treated db/db mice (P Ͻ 0.05), indicating that inhibition of NADPH oxidase significantly reduced the loss of podocytes observed in db/db mice after 12 weeks of diabetes. Blood glucose levels were not different between vehicle-treated and apocynin-treated db/db mice (Fig. 6C ). In addition, UAE was significantly reduced in apocynin-treated db/db mice compared with vehicle-treated control db/db mice (1,036 Ϯ 180 vs. 401 Ϯ 75 g/mg) (Fig. 6D) . Taken together, our results demonstrate that the sharp increase in podocyte apoptosis observed during early stages of diabetes in db/db mice is mediated to a large extent by activation of NADPH oxidase and its contribution to generation of ROS. Moreover, NADPH oxidase-dependent/ROS-mediated podocyte apoptosis contributes significantly to the subsequent loss of podocytes in diabetic db/db mice, accounting for 60% of total podocyte loss. Interestingly, the rate of reduction of podocyte depletion achieved by NADPH oxidase blockade was tightly associated with an ϳ60% reduction of UAE.
db/db mice are characterized by considerable mesangial matrix expansion after 12 weeks of diabetes (28, 35) . Mesangial expansion was determined using semiquantitative scoring on PAS section by two independent investigators who were blinded to the origin of the samples (Fig. 7) . Scores from both investigators were highly consistent, as determined by correlation of coefficient of 0.75. Therefore, we used the average of both scores from each animal for statistical analysis (Fig. 7D) . Mesangial expansion scores were significantly increased in vehicle-treated db/db (Fig.  7A ) compared with db/m control (Fig. 7C) animals (3.00 Ϯ 0.17 vs. 1.37 Ϯ 0.11; P Ͻ 0.001). In contrast, Mesangial expansion scores were not significantly different between apocynin-treated db/db (Fig. 7B) and db/m (Fig. 7C) mice (1.68 Ϯ 0.1 vs. 1.38 Ϯ 0.1; P ϭ 0.07) and were significantly reduced comparing vehicle-treated and apocynin-treated db/db mice (Fig. 7B ) (3.00 Ϯ 0.17 vs. 1.68 Ϯ 0.1; P Ͻ 0.0001). These results demonstrate that long-term inhibition of NADPH oxidase significantly ameliorates chronic functional (UAE) and morphological glomerular defects induced by chronic diabetes in db/db mice. Thus, reduction of NADPH oxidase-generated ROS load prevented early podocyte apoptosis and was associated with significantly reduced podocyte depletion, UAE, and mesangial expansion at later stages of diabetes-induced glomerulopathy in db/db mice.
DISCUSSION
Based on in vivo and in vitro evidence presented in this report, we propose that podocyte apoptosis is a new cellular pathomechanism of diabetic glomerulopathy. We found that podocyte apoptosis coincides with the onset of diabetes/hyperglycemia in two murine models of type 1 and type 2 diabetes where it precedes significant levels of UAE, podocyte depletion, and mesangial matrix expansion. We conclude that podocyte apoptosis may represent one of the earliest cellular lesions affecting the diabetic kidney.
Importantly, our findings are consistent with seminal clinical studies demonstrating that glomerular podocyte density is decreased in type 1 diabetic patients even after short duration of diabetes and before albuminuria (36) . Moreover, the extent of podocyte depletion is a top predictor of progression of diabetic nephropathy in Pima Indians affected by type 2 diabetes (14, 15) . Although these clinical studies clearly demonstrate the phenomenon of podocyte depletion in human diabetic kidney, they cannot address its underlying mechanism(s). There has been little progress in our understanding of mechanisms of early diabetic nephropathy for several reasons. First, tissue from human diabetic kidney is not available because renal biopsies are currently not routinely performed for diagnostic or research purposes in diabetic patients. Second, quantitative and statistical analysis of podocyte apoptosis in archival tissue from human diabetic kidneys is hampered by the limited number of glomerular sampling in biopsy cores and because of the transient, noncumulative nature of cellular apoptosis detection in situ. In this context, we believe that our studies in well-established experimental models are particularly significant because we identify podocyte apoptosis as a new candidate mechanism for podocyte depletion in human diabetic nephropathy that could otherwise not have been detected.
Podocytes are highly specialized cells that control the glomerular filtration apparatus and maintain the structural integrity of the glomerular capillary loops. Apoptosis of podocytes has been demonstrated in various murine models of nondiabetic renal disease: in immune complex nephritis and in the TGF-␤1 transgenic and the CD2AP knockout mouse models of glomerulosclerosis (20, 21, 37) . In the last two models, we demonstrated that podocyte apoptosis is an early glomerular phenotype that coincides with onset of albuminuria and associated with progressive podocyte depletion. Mechanistic experiments with puromycin aminonucleoside administration to induce toxic podocyte injury and cell depletion in rats also provided experimental evidence that podocyte depletion is as an initiating event in glomerulosclerosis (38) . Sclerosing glomeruli are characterized by progressive depletion of podocytes, resulting in denuded glomerular basement membrane areas and tuft adhesions that may be considered as initial lesions of irreversible glomerular injury (39) . These studies suggest that podocyte apoptosis and depletion in nondiabetic models of glomerulosclerosis may be sufficient to trigger events leading to progressive glomerulosclerosis (40 -44) .
Our findings that podocyte apoptosis coincided with onset of hyperglycemia indicate that glucotoxicity may underlie the activation of proapoptotic signaling. Glucose has previously been shown to induce apoptosis in mesangial cells, in dorsal root ganglion cells, in cardiac myocytes, and possibly in renal tubular epithelial cells (30 -32) . However, the effects of high ambient glucose on podocytes have not been previously examined. Using a murine conditionally immortalized podocyte cell line (25), we demonstrated that glucose is sufficient to induce apoptosis starting a 20-mmol/l concentration. Consistent with the hypothesis of Brownlee and colleagues (45, 46) , high glucose stimulated rapid ROS generation in podocytes from mitochondrial and nonmitochondrial sources. In our study, the kinetic profile showed significant induction of ROS content as early as 0.5 h; this was followed by the activation of the proapoptotic p38 MAPK pathway after 2 h of exposure and effector caspase 3 activation after 3 h of incubation. A possible molecular link between ROS and MAPK activation was suggested by the observation that increased oxidative stress activates Jun NH 2 -terminal kinase and p38 MAPK through apoptosis signal-regulating kinase 1 (47) . Prior studies have linked the activation of p38 MAPK to podocyte apoptosis (20, 48) . Studies to delineate further the molecular pathway(s) of ROS-induced podocyte apoptosis are ongoing in our laboratory.
We may conclude that NADPH oxidase-dependent ROS generation constitutes a major pathway resulting in diabetes/glucose-induced podocyte apoptosis in vitro and in vivo. This was validated in principle in vivo after chronic NADPH oxidase inhibition in db/db mice. A role for NADPH oxidase has previously been suggested in the development of diabetic cardiovascular and renal complications (33, 49) . Blockade of NADPH oxidase over 12 weeks of diabetes significantly decreased but did not completely normalize urinary albumin excretion and podocyte depletion. These results indicate that NADPH oxidase-independent pathways (i.e., mitochondrial ROS generation and TGF␤ [50] ) might also contribute to diabetes-induced albuminuria and podocyte depletion in db/db mice. In addition, events other than apoptosis might also play a role in podocyte depletion. For example, detachment of viable podocytes has been suggested previously in a streptozotocin-induced diabetic model in rats and may contribute to podocyte loss (16, 18) . Moreover the effect of apocyanin on cells other than podocytes, might also contribute to its beneficial effects; therefore, new approaches to generate podocyte-selective inhibition of ROSgenerating pathways will be required to resolve these questions definitively. Considering these limitations of the current study, our findings nevertheless demonstrate for the first time that ROS-mediated podocyte apoptosis represents an early glomerular cell defect associated with subsequent glomerulopathy in murine type 1 and type 2 diabetic models. This novel conclusion is highly significant because it may provide new approaches to prevention of diabetic nephropathy by targeting inhibition of ROS and apoptosis pathways, including NADPH oxidase and p38 MAPK.
